Gate-induced drain leakage (GIDL) current is investigated in single-gate (SG) ultra-thin body field effect transistor (FET), symmetrical double-gate (DG) FinFET, and asymmetrical DG metal oxide semiconductor field effect transistor (MOSFET) devices. Measured reductions in GIDL current for SG and DG thin-body devices are reported for the first time. The thin-body devices exhibit much lower GIDL current than bulk-Si MOSFETs, and the GIDL is found to decrease with decreasing body thickness. These results can be explained by the reduction in transverse electric field at the surface of the drain and the increase in transverse effective mass with decreasing body thickness.
Introduction
As the metal oxide transistor field effect transistor (MOSFET) channel length is scaled down to 50 nm and below, suppression of off-state leakage current becomes an increasingly difficult technological challenge, one that will ultimately limit the scalability of the conventional MOSFET structure. Thin-body silicon on insulator (SOI) transistor structures such as the single-gate (SG) ultra-thin body (UTB) FET 1, 2) and the double-gate (DG) FinFET 3) are attractive for scaling CMOS into the nanoscale regime because of their excellent suppression of off-state leakage current. These advanced structures rely on a thin silicon channel to control short-channel effects, by eliminating any leakage paths far from the gate electrode. A thinner body allows for more aggressive scaling, so that such structures can be easier to scale to sub-50 nm gate lengths as compared to the classic bulk-Si MOSFET structure. It also allows for lower channel doping concentrations to be used, so long as gate-workfunction engineering techniques are available for adjusting the transistor threshold voltage. The advantages of low channel doping include improved field-effect mobility for improved transconductance and drive current, and immunity to threshold-voltage variations caused by statistical dopant fluctuations.
Minimization of transistor off-state leakage current is an especially important issue for low-power circuit applications. A large component of off-state leakage current is gateinduced drain leakage (GIDL) current, caused by band-toband tunneling in the drain region underneath the gate: [4] [5] [6] [7] when there is a large gate-to-drain bias, there can be sufficient energy-band bending near the interface between silicon and the gate dielectric for valence-band electrons to tunnel into the conduction band. GIDL imposes a constraint for gate-oxide thickness scaling because the voltage required to cause this band-to-band tunneling leakage current decreases with decreasing gate oxide thickness, and GIDL can pose a lower limit for standby power in memory devices.
GIDL current becomes less significant for digital logic applications as the power-supply voltage is reduced to below 1.1 V (corresponding to the energy band gap of silicon); however, it is still an important consideration for applications such as dynamic random access memory (DRAM), for which data retention time is significantly degraded by GIDL current. 8) High-density (e.g. 1 Gb) DRAM must utilize transistors with high threshold voltage in order to suppress sub-threshold leakage current, for adequate data-retention time. This presents a significant challenge for scaling down the transistor size. Since a relatively high substrate doping concentration (1:0 Â 10 18 cm À3 or higher) 9 ) is needed to achieve high threshold voltage, pn junction leakage and capacitance will be high, resulting in degraded retention characteristics. In order to circumvent these difficulties, a negative word-line scheme was recently demonstrated 10) and has received much attention for future generations of DRAM technology. GIDL current will be increased for this negative word-line scheme, however.
In this work, the advantage of thin-body transistor structures for reducing GIDL current is investigated for different drain doping concentrations. SG-UTBFET, symmetrical DG-FinFET, and asymmetrical DG-FET devices are characterized and the dependence of GIDL current on body thickness is shown. The results indicate that GIDL is significantly lower in thin-body transistors as compared with conventional bulk-Si MOSFETs.
GIDL Current Model
Band-to-band tunneling can be estimated using the WKB approximation and assumption of direct band-gap and uniform electric field, 11) although silicon is an indirect-gap semiconductor. The GIDL current density can then be simply modeled for the bulk-Si MOSFET 4) by the equation
where A is a pre-exponential parameter, B (typically 23-70 MV/cm 7, 12) ) is a physically-based exponential parameter and the transverse electric field E s at the surface is given by
The model for an indirect-gap semiconductor has the same electric field dependence (expðÀB=E s )) except that the energy band gap E g is increased by the phonon energy, in deriving the value for the exponential parameter B.
6) The measured GIDL is dependent on the drain doping profile (which results in a non-uniform electric field), a transverse electric field, and also the effective mass of tunneling electrons, each of which is difficult to determine accurately. B was an empirical parameter, therefore used practically as a fitting parameter to match the model with measured data. 4, 7, 15, 18) 
Device Simulation Study
Equation (2) is not directly applicable to thin-body transistor structures because of the electric field dependence on the body thickness. Figures 1 and 2 show that the transverse electric field and potential in the drain region are lower in thin-body MOSFETs as compared to the bulk-Si MOSFET. This reduction is greater for the DG structure than for the SG structure, and the reduction in transverse electric field increases as the body thickness decreases. 13) There is no analytical equation available to describe the electric field strength dependence on the body thickness, so we investigated the electric field distribution using a 2-D device simulator (MEDICI). To be consistent with Kane's assumption of a uniform electric field, uniform drain doping (N D ¼ 1 Â 10 18 cm À3 ) was used. Figure 3 shows that the electric field at the surface is significantly lower in the thinbody devices (SG and symmetrical DG) than in the bulk-MOSFET. (To first-order approximation, the off-state performance of a SG-MOSFET is comparable to that of a symmetrical DG-MOSFET with twice the body thickness, which is why T Si is 2Â thicker for the DG-MOSFET than for the SG-MOSFET in these simulations.) Figure 4 shows how the peak electric field decreases with body thickness. The peak electric field is higher in the higher drain doping concentration (N D ¼ 1 Â 10 19 cm À3 ) than in the lower drain doping concentration (N D ¼ 1 Â 10 18 cm À3 ) for the bulk-MOSFET, SG-UTBFET, symmetrical DG-FinFET, and asymmetrical DG-FET. Figure 4 shows the same trend that the peak electric field decreases as the body thickness decreases in the thin body devices. From Figs. 3 and 4 , it is clear that the electric field in a DG-MOSFET is lower than in a SG-MOSFET of half the body thickness.
A challenge for thin-body MOSFET technology is threshold-voltage adjustment, if channel doping is not used. The asymmetrical double-gate structure 14, 15) has been proposed to address this issue. Its threshold voltage can be tuned over a wide range by adjusting the gate-oxide and body thicknesses, to meet requirements for various applications. Thus, 2-D device simulations were also performed for the asymmetrical DG-MOSFET structure (Figs. 3 and 4) . The electric field is much higher in the asymmetrical DG-MOSFET than in the symmetrical DG-MOSFET because of large potential drop between the P+ bottom gate and N+ junction in the overlapped drain region. Thus, the asymmetrical DG-MOSFET should show worse GIDL than the SG-UTBFET. Figure 5 shows the measured subthreshold I-V characteristics for fabricated SG-UTBFETs, showing that GIDL current is reduced as the body thickness is decreased, for 
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Device Measurement Results and Discussion
both n-channel and p-channel devices. Curves corresponding to bulk-Si MOSFET GIDL current, calculated using eq. (1) for typical values of B, are shown in Fig. 5(a) to show the reduction in GIDL achieved with the SG-UTBFET structure. This reduction can be primarily attributed due to the reduction in E s , which becomes more significant with decreasing body thickness. A secondary effect is an increase in the parameter B (ref. eq. (1)), which is a function of the tunneling effective electron mass:
Sub-band splitting (of the 2-fold degenerate valleys and 4-fold degenerate valleys) occurs when the body is thinned 4) 36.2 MV/cm, 7) 43 MV/cm, 18) and 50-70 MV/cm 15) ). The dose for source/drain implantation was aggressively, 17) so that the population of electrons in the 2-fold valleys (vs. the 4-fold valleys) increases as the body thickness decreases. A main component of the electron effective mass is m z in the direct band-gap approximation, where z is the direction perpendicular to silicon surface. Because m z is higher for the 2-fold valleys than the 4-fold valleys, the factor B increases as the body thickness decreases.
Measured subthreshold I-V characteristics of fabricated symmetrical DG-MOSFETs (FinFETs) are shown in Fig. 6 , indicating no GIDL current when jV g j < 2V. A significant benefit of the symmetrical DG MOSFET structure is the elimination of GIDL essentially.
Conclusions
GIDL current is investigated in thin-body transistors, and found to be significantly lower than in typical bulk-Si MOSFETs. Measured data show that GIDL decreases with decreasing body thickness. This behavior is attributed to a reduction in transverse electric field and an increase in tunneling effective mass in the drain region. W fin =42nm W fin =34nm W fin =26nm 
